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An intense infrared absorption band has been observed in a hydrothermally grown ZnO crystal. At
12 K, the band peaks near 3577.3 cm−1 and has a half width of 0.40 cm−1, and at 300 K, the band
peaks at 3547 cm−1 and has a half width of 41.3 cm−1. This absorption band is highly polarized,
with its maximum intensity occurring when the electric field of the measuring light is parallel to the
c axis of the crystal. Photoinduced electron-paramagnetic-resonance experiments show that the
crystal contains lithium acceptors(i.e., lithium ions occupying zinc sites). Lithium and OH− ions are
present in the crystal because lithium carbonate, sodium hydroxide, and potassium hydroxide are
used as solvents during the hydrothermal growth. In the as-grown crystal, some of the lithium
acceptors will have an OH− ion located at an adjacent axial oxygen site(to serve as a passivator),
and we assign the 3577.3-cm−1 band observed at 12 K to these neutral complexes. Our results
illustrate the role of hydrogen as a charge compensator for singly ionized acceptors in ZnO. ©2004
American Institute of Physics. [DOI: 10.1063/1.1806531]

I. INTRODUCTION

The role of hydrogen in zinc oxide continues to be a
subject of considerable interest. Recent first-principles calcu-
lations by Van de Walle1–4 strongly suggested that hydrogen
acts as a donor in ZnO. This theoretical work has prompted a
series of experimental investigations5–22 of the behavior of
hydrogen in ZnO using techniques such as electron paramag-
netic resonance(EPR), electron-nuclear double resonance,
infrared absorption spectroscopy, Raman backscattering
spectroscopy, photoluminescence, temperature-dependent
Hall, deep-level transient spectroscopy, cathodolumines-
cence, secondary-ion mass spectrometry, and Rutherford
backscattering/channeling. In some of these studies, ion im-
plantation and exposure to hydrogen plasmas were used to
incorporate hydrogen into bulk crystals. Hydrogen in ZnO
was also a focus of earlier studies. In the 1970s, EPR, infra-
red absorption, and conductivity experiments were con-
ducted on crystals simultaneously doped with copper and
hydrogen.23–26 However, despite the significant attention be-
ing given to hydrogen, especially in the last several years,
the details of how this important impurity directly affects the
various electrical and optical properties of ZnO crystals are
not well established.

In the present paper, we describe the results of an infra-
red absorption and EPR study of a hydrothermally grown
ZnO crystal. This growth technique is able to produce large,
high-quality single crystals.27 We have characterized an in-
tense OH− absorption line, present in the as-grown material,
that peaks near 3577.3 cm−1 at 12 K. This band was previ-

ously observed by Lavrov11 in a hydrothermally grown ZnO
crystal and he suggested that it may represent a Ni–H com-
plex. Our results indicate that an alternative model is needed
because there is very little nickel present in our crystals. At
300 K, the infrared band we have studied shifts to 3547 cm−1

and broadens. We believe that the absorption band described
in our present paper is the same as the room-temperature
band previously reported by Seager and Myers12 at
3546 cm−1 in hydrothermally grown crystals. These latter in-
vestigators postulated that their infrared band was due to a
hydrogen located in a bond-centered position between oxy-
gen and zinc atoms(thus representing hydrogen as a donor)
while allowing that the band might contain unresolved com-
ponents from some OH− ions having an acceptor replacing
the zinc. Because this particular infrared absorption band has
not been observed in ZnO crystals grown by techniques other
than hydrothermal, we propose a model that directly involves
a specific acceptor impurity. EPR results show that neutral
lithium acceptors can be photoinduced in our ZnO crystal
(thus verifying that the hydrothermal growth process intro-
duces significant amounts of lithium), and we assign the
3577.3-cm−1 infrared absorption band to a neutral complex
consisting of a singly ionized lithium acceptor and an OH−

ion on an adjacent oxygen site. An analogous Li–OH− defect
has been observed in MgO crystals.28,29 An estimate of the
concentration of OH− ions contributing to our 3577.3-cm−1

band is made.

II. EXPERIMENTAL DETAILS

The bulk ZnO sample used in the present study was cut
from the +c region of a boule grown by the hydrothermala)Electronic mail: larry.halliburton@mail.wvu.edu

JOURNAL OF APPLIED PHYSICS VOLUME 96, NUMBER 12 15 DECEMBER 2004

0021-8979/2004/96(12)/7168/5/$22.00 © 2004 American Institute of Physics7168

Downloaded 12 May 2009 to 129.8.242.67. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp

http://dx.doi.org/10.1063/1.1806531


method30 at the Air Force Research Laboratory(Hanscom
AFB, MA). A welded platinum cylinder with an inside diam-
eter of approximately 4.4 cm and a volume of 500 cm3 was
held in a larger autoclave. The seed crystal was a(0001)
plate, the initial fluid fill was 80%, and the solvent(i.e.,
mineralizer) was 3M NaOH, 1M KOH, and 0.5M Li2CO3.
The temperatures in the nutrient and in the growth zones
were 355 and 345°C, respectively, and the growth rate along
the +c axis was approximately 0.2 mm/day.

A small sample, with approximate dimensions of 4.5
33.432.9 mm3, was used in the infrared absorption and
EPR experiments. The absorption data were taken with a
ThermoNicolet Nexus 870 Fourier-transform infrared spec-
trometer (using a KBr beamsplitter and a cooled HgCdTe
detector). A ZnSe wire-grid polarizer from Molectron
(Model IGP-229) was placed in the incident beam path. The
EPR data were obtained using a Bruker EMX spectrometer
operating near 9.45 GHz. Oxford Instruments helium-gas
flow systems were used to control the sample temperature in
both the absorption and EPR experiments. A cw helium-
cadmium laser(operating at 442 nm) was used to produce
the paramagnetic(i.e., neutral) charge state of the lithium
acceptors for the EPR studies.

III. RESULTS

Figure 1 shows the intense infrared absorption band oc-
curring at 3577.3 cm−1 in our hydrothermally grown ZnO
crystal. These data were taken at 12 K with the electric field
of the polarized incident light oriented parallel to thec axis
of the crystal. The sample thickness(i.e., the optical path
length) was 4.5 mm. The width of the line(measured at the
half-maximum points) is 0.40 cm−1, which we note is near
the 0.125-cm−1 instrument resolution of our spectrometer. In
addition to a very large intensity, the most unique feature of
the infrared absorption band at 3577.3 cm−1 is its high de-
gree of polarization. We were unable to observe this band in

our samples when the polarizer was rotated 90°(thus making
the electric field of the polarized incident light perpendicular
to the c axis). Nor could it be observed in separate experi-
ments where the polarizer was removed from the spectrom-
eter and the measuring light propagated along thec axis of
the crystal. Other infrared absorption bands observed in our
sample(but not shown) were a weak signal near 6005 cm−1

that has been assigned to Co2+ ions31 and a weak signal near
4240 cm−1 that has been assigned to Ni2+ ions.11,32The Ni2+

signal was approximately 440 times smaller than the
3577.3-cm−1 band.

As the temperature increased, the peak position of our
dominant infrared absorption band shifted to lower fre-
quency. This effect is shown in Fig. 2, where the peak posi-
tion is plotted as a function of the temperature. The peak
position shifts from 3577.3 cm−1 at 12 K to 3547 cm−1 at
300 K. A significant broadening of the band also occurs as
the temperature is increased. These results are shown in Fig.
3, where the width broadens from 0.40 cm−1 at 12 K to

FIG. 1. Infrared absorption spectrum from a hydrothermally grown ZnO
crystal, taken at 12 K using a polarizer. The electric field of the measuring
light was oriented parallel to thec axis sEicd. The peak of the OH− band
occurs at 3577.3 cm−1. This band cannot be observed when the polarizer is
rotated toE'c.

FIG. 2. Temperature dependence of the peak position of the dominant OH−

band in a hydrothermally grown ZnO crystal.

FIG. 3. Temperature dependence of the width of the OH− band(measured at
the half-maximum points).
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41.3 cm−1 at 300 K. The data in Figs. 2 and 3 were taken
with the polarizer oriented such that the electric field of the
incident light was parallel to thec axis. Because of the
broadening, this infrared absorption band is not expected to
be easily seen at room temperature in ZnO crystals.

A series of EPR experiments provided additional infor-
mation about the point defects present in our hydrothermally
grown ZnO crystal. Relatively strong EPR spectra from Fe3+,
Mn2+, and Co2+ ions were observed near 40 K in the as-
grown crystal.33–35The combined concentrations of these im-
purities was estimated from EPR to be approximately
1–2 ppm. A weak EPR signal from Ni3+ ions36 was also
observed at low temperature(representing a concentration
less than 0.02 ppm). A signal at g=1.96 due to shallow
donors37,38 was small, but easily seen, in our crystal, thus
indicating that it was electricallyn type. A value of 2
31015 cm−3 was obtained for the room-temperature Hall
electron carrier concentration.

Photoinduced EPR experiments were also performed on
our hydrothermally grown crystal. When the crystal was ex-
posed to 442-nm light at 40 K, an EPR signal due to the
neutral lithium acceptors appeared. This “light-on” spectrum,
taken at 40 K with the magnetic field oriented perpendicular
to the c axis, is shown in Fig. 4. The four-line hyperfine
pattern is due to the interaction between the unpaired spin
and the7Li nucleus(I =3/2, 92.5% abundant). We estimate
that the concentration of the photoinduced neutral lithium
acceptors in our crystal was approximately 1.331015 cm−3.
An increase in the shallow donor EPR signal and a decrease
in the Fe3+ EPR signal were observed to coincide with the
production of the neutral lithium acceptors, thus indicating
that electrons were being temporarily trapped in the form of
neutral shallow donors and as Fe2+ ions. It is important to
note that even though the neutral lithium acceptor may be
present at lower temperatures during and after optical exci-
tation, its EPR spectrum cannot be easily observed at tem-
peratures below 30–40 K because of the severe microwave
saturation effects resulting from the extremely long spin-
lattice relaxation times at the lower temperatures.

As reported by Schirmer,39 the neutral lithium acceptor
has the hole localized on only one of its four adjacent oxygen
ions instead of being shared nearly equally by these four
neighboring anions. This gives rise to two distinct(i.e., very
similar but slightly different) neutral lithium acceptors.
When the hole resides on one of the three neighboring oxy-
gen ions located in the basal plane, the resulting neutral ac-
ceptor is referred to as a “nonaxial” lithium center. These
nonaxial centers form a set of three crystallographically
equivalent but magnetically inequivalent centers because of
the three possible sites for the hole relative to the lithium.
The fourth oxygen ion neighboring the lithium has a slightly
different bond length from the other three oxygens. When the
hole resides on this oxygen(located along thec axis relative
to the lithium ion), the resulting neutral acceptor is referred
to as an “axial” lithium center. Schirmer39 has shown that the
ground-state energies of the axial and nonaxial lithium cen-
ters differ by 15 meV, with the axial form being the lowest
in energy. The EPR spectrum shown in Fig. 4 represents the
axial neutral lithium acceptors. Earlier donor-acceptor-pair
recombination and thermoluminescence experiments that
monitored the lithium-associated yellow emission provided
evidence that the large lattice relaxation accompanying the
localization of the hole on a single oxygen neighbor makes
lithium a deep acceptor in ZnO.40–42The ionization energy of
the lithium acceptor in ZnO is estimated to be between 600
and 800 meV.

IV. DISCUSSION

The low-temperature infrared absorption band we have
observed at 3577.3 cm−1 represents the fundamental stretch-
ing vibration of an OH− ion. Direct evidence for this assign-
ment has been provided by Lavrov.11 He produced the low-
temperature OD− version of this band at 2644.4 cm−1 during
a deuterium-plasma treatment of a hydrothermally grown
crystal. We also note that the peak position of 3577.3 cm−1 is
very near the experimental value of 3555.6 cm−1 obtained
for a free OH− ion using high-precision gas phase
spectroscopy.43 In general, it is very common to observe
OH− ions in oxide crystals, and a recent review of this sub-
ject has been provided by Wohlecke and Kovacs.44 They
discuss the isotope, anharmonic, temperature, and polariza-
tion effects found in these vibrating systems, and they de-
scribe specific models associated with OH− ions in various
oxide compounds. A comprehensive review of hydrogen in
nonoxide crystalline semiconductors has been provided by
Peartonet al.45

The infrared absorption band we describe in the present
paper has been previously observed by Lavrov11 at 10 K and
by Seager and Myers12 at room temperature. In both of those
cases, as well as our own, the crystals were grown by the
hydrothermal technique. Thus far, this band has not been
observed in crystals grown by other techniques. Lavrov11

suggested that the band was due to a Ni–OH− complex, but
we find very little nickel in our samples(i.e., we could barely
detect the Ni2+ absorption near 4240 cm−1). Seager and
Myers12 proposed that the band was due to a hydrogen lo-
cated in a bond-centered position between oxygen and zinc

FIG. 4. EPR spectrum of the axial neutral lithium acceptor. These data were
taken at 40 K during exposure to 442-nm laser light. The magnetic field was
perpendicular to thec axis.
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atoms(similar to the BCi configuration in the calculations of
Van de Walle1). However, this describes a general defect that
would be expected to be present in all ZnO crystals contain-
ing hydrogen instead of only those grown hydrothermally.
Seager and Myers12 also suggested that the observed band
could be due to a slightly different model in which the zinc is
replaced by an acceptor. We agree with this focus on accep-
tors and offer a model that is specific to hydrothermally
grown crystals and, by extension, to crystals that may have
been doped with lithium and hydrogen during the growth
itself or during postgrowth-diffusion treatments.

Lithium ions are present in large concentrations in nearly
all hydrothermally grown ZnO crystals because of the use of
lithium-containing compounds as solvents during growth. A
portion of these ions are isolated singly ionized lithium ac-
ceptors(in ionic terms, this is a Li+ ion replacing a Zn2+ ion
with no local charge compensation and, in semiconductor
terms, this is an A− center). The photoinduced EPR data in
Fig. 4 verifies that these isolated lithium ions are initially
present in our crystal and that they can be converted to neu-
tral lithium acceptors at low temperature by trapping a hole.
Other lithium ions in the as-grown crystal will have an adja-
cent OH− ion and, thus, will not form the paramagnetic neu-
tral acceptors under illumination. These protons enter the
lattice during the hydrothermal growth(either as OH− ions,
hydrogen atoms, or H2O molecules) and are attracted to the
singly ionized lithium acceptors. In ionic terms, the Li+ ion
has an effective negative charge relative to the lattice(i.e., it
replaces a Zn2+ ion) and it electrostatically attracts the posi-
tively charged proton. The complex formed by the singly
ionized lithium acceptor and the OH− ion on an adjacent
oxygen site is neutral, and, thus, is not expected to show
electrical activity. We assign the 3577.3-cm−1 infrared ab-
sorption band to the OH− ion that participates in this
Li–OH− complex. An analogous defect has been observed at
3430 cm−1 in bulk MgO crystals and assigned to an OH− ion
adjacent to a lithium ion substituting for magnesium.28,29

In Fig. 5, we show possible models for the Li–OH−

complex in the ZnO lattice. The primary experimental obser-
vations to be taken into account when constructing a model
are (1) the alignment of the vibrating electric dipole along
thec direction and(2) a peak position very near that of a free
OH− ion. When looking along thec axis in the wurtzite
structure, one sees repeating anion-cation pairs. For example,
each zinc ion has two adjacentc-axis oxygen ions as neigh-
bors, one a close bonding oxygen and the other a more dis-
tant nonbonding oxygen. The lithium substitutes for a zinc in
each of our models. In Fig. 5(a), we place the proton in an
OH− ion located at the lithium’s nearest nonbonding oxygen
site, with the proton facing the lithium. In Fig. 5(b), we place
the proton in an OH− ion located at the lithium’s bonding
oxygen site, with the proton extending out opposite the
lithium. In the models illustrated in Figs. 5(a) and 5(b), only
small amounts of lattice distortion are expected because, to
first order, the proton occupies an interstitial position. Of
these two models, the proton is closer to the lithium in Fig.
5(a) than in Fig. 5(b). In the absence of lattice distortion,
these distances are about 2.26 and 2.95 Å, respectively, if an
OH− bond length of 0.96 Å is assumed. Thus, the model in
Fig. 5(a) appears to be a better candidate than the model in
Fig. 5(b) for the 3577.3-cm−1 band observed in the hydro-
thermally grown ZnO. In general, the interstitial proton
would like to be close to the substitutional lithium because of
their electrostatic attraction.

In Fig. 5(c), the proton is placed in the bond-center po-
sition between the lithium and its bonding oxygen. Although
not depicted in the figure, this model will experience a severe
lattice distortion, as illustrated in the earlier calculations of
Van de Walle1,7 (performed for the case when zinc is present
instead of lithium). Based on those calculations, we expect
that the lithium will move away from the proton and assume
a position along thec axis near the plane of its remaining
three oxygen neighbors. Without detailed calculations that
explicitly include lithium, we cannot predict whether the de-
fect configuration in Fig. 5(c) or Fig. 5(a) will have the lower
energy. We note that the calculations in the literature thus
far,7 for zinc instead of lithium, favor the bond-center posi-
tion in Fig. 5(c).

An estimate of the concentration of the OH− ions con-
tributing to the 3577.3-cm−1 band shown in Fig. 1 can be
made. This requires a knowledge of the oscillator strength
associated with the OH− vibrational transition. Early
predictions46,47 of this oscillator strength ranged from 1.2
310−3 to 3.8310−2. Klauer et al.,48 in a comprehensive
and very detailed analysis of the OH− ions in LiNbO3 crys-
tals, obtained a value of 1.7310−2. Taking a general ap-
proach, these latter investigators expressed their result as an
absorption strength per ion. The concentration of OH− ionsN
(in units of cm−3) is then determined using the following
equation:

integrated area =N sabsorption strength per iond. s1d

The absorption strength per ion has units of cm and the in-
tegrated area has units of cm−2. If we use the value of
9.125s±1.369d310−18 cm provided by Klaueret al.48 for
the absorption strength per ion and a value of 6.9 cm−2 for
the integrated area of the absorption band in Fig. 1, we ob-

FIG. 5. Possible models for the lithium-associated OH− ion in hydrother-
mally grown ZnO. In each case, the lithium ion occupies a zinc site.(a) The
OH− ion is on the nearest axial nonbonding oxygen site with the proton
facing the lithium.(b) The OH− ion is on the nearest axial bonding oxygen
site with the proton extending out opposite the lithium.(c) The proton oc-
cupies a bond-center position immediately adjacent to the lithium. An ex-
pected lattice distortion of the lithium is not shown in this last model.
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tain a concentrationN of 7.631017 cm−3. Given that our
values of the Hall electron carrier concentration and the
photoinduced neutral lithium concentration(from EPR) are
both in the low 1015-cm−3 range, this result forN shows that
over 99% of the lithium present in our sample has been com-
pensated by hydrogen and has formed a Li–OH− defect.

V. SUMMARY

An infrared absorption band, caused by a defect with an
electric-dipole moment aligned parallel to thec axis, has
been observed near 3577.3 cm−1 in a hydrothermally grown
crystal of ZnO. We assign this band to an OH− ion located on
an oxygen site adjacent to a lithium ion substituting for a
zinc ion. Two possible models are suggested. In one, the
OH− is on a nonbonding oxygen site with the proton facing
the lithium. In the other, the proton occupies a bond-center
position, with significant lattice distortion causing the
lithium to shift away from the OH− ion. Ab initio quantum
calculations will be useful in deciding which model is cor-
rect. The concentration of the Li–OH− centers was estimated
to be 7.631017 cm−3 in our sample. From these results, we
conclude that one of the primary roles of hydrogen in ZnO is
to provide charge compensation(and thus passivation) for
singly ionized acceptors.
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